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1. Introduction  
The Mongolian steppe zone comprises a major part of the East Asian grasslands. The 
regional climate is typically continental and semiarid, with low precipitation and large 
diurnal and annual temperature fluctuations. Rainfall normally occurs during the warm 
season (i.e., summer), but large interannual variability in the amount and pattern of rain has 
been observed and the area has often suffered from droughts. 
Respiratory CO2 efflux from terrestrial ecosystems (ecosystem respiration, Reco) is an 
important component of the global carbon cycle, and since Reco includes soil respiration 
(both root respiration and heterotrophic microbial decomposition) as well as aboveground 
respiration, rates of Reco depend on complex interactions between biotic and abiotic factors. 
In general, temperature has been recognized as the major regulator of Reco (Fang & 
Moncrieff, 2001; Lloyd & Taylor, 1994). Although many temperature models have been 
proposed, the simplest is the so-called exponential Q10 relationship (van’t Hoff model), 
whereby the parameter Q10 represents the factor by which the respiration rate increases with 
a 10°C temperature increase. Soil water is also an important variable controlling Reco, 
especially in semiarid and arid regions (e.g., Davidson et al., 1998; Hunt et al., 2002; Wen et 
al., 2006; Xu & Qi, 2001). Studies have shown that both very low and very high water 
content reduces ecosystem and soil respiration via the direct inhibition of biological activity 
or the inhibition of oxygen diffusion, respectively (Davidson et al., 1998; Gaumont-Guay et 
al., 2006; Wen et al., 2006). An increasing number of studies have indicated that Reco rates are 
positively correlated with features of plant productivity such as the photosynthetic rate, leaf 
area index, and dry weight of green biomass (e.g., Aires et al., 2008; Crain et al., 1999; Jassal 
et al., 2008; Sampson et al., 2007). 
Grassland ecosystems in semiarid regions demonstrate a sensitive response to climate 
changes, especially to changes in precipitation (Miyazaki et al., 2004; Ni, 2003; Shinoda et al., 
2010), suggesting that interannual climate variability can lead to major changes in the 
respiratory CO2 release from the ecosystem. Studies have demonstrated that the ecosystem 
switches from a net carbon sink during non-drought years to a net carbon source in drought 
years (Aires et al., 2008; Meyers, 2001). 
We conducted field measurements of CO2 fluxes and environmental parameters in a 
semiarid grassland area of Mongolia since 2004 and have quantitatively documented the 
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dependence of ecosystem respiration on environmental variables (Nakano & Shinoda, 2010; 
Nakano et al., 2008). Based on our findings, we constructed an empirical respiration model 
in which the rates of ecosystem respiration are calculated from the soil temperature, soil 
water content, and aboveground biomass (AGB) (Nakano & Shinoda, 2010). In the present 
study, interannual changes in ecosystem respiration during the growing seasons from 2007 
to 2010 at the semiarid grassland site in Mongolia were estimated using this model. We 
assessed whether temperature, moisture, or plant biomass was the most important 
environmental parameter controlling interannual variability in ecosystem respiration. 
2. Methods 
2.1 Study site and field measurements 
Our study sites were located in grassland areas in central Mongolia (Fig. 1), which contain 
typical steppe vegetation that is grazed by livestock. The plant community at the area 
consists of graminaceous perennial grasses (Agropyron cristatum, Cleistogenes squarrosa, Stipa 
krylovii), forbs (Artemisia adamsii, Chenopodium spp.), and small shrubs (Caragana spp.). Soils 
are classified as Kastanozems (IUSS Working Group WRB, 2006), which is widely 
distributed in the Mongolian steppes. The bulk density of the upper 5 cm of the soil profile 
is approximately 1.5 g cm–3. 
 
 
Fig. 1. Study site locations in semiarid grassland areas of central Mongolia 
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Site BU [47°02’37.2“N, 105°57’04.9“E, 1200 m above sea level (asl)] was established in 2004 in 
Bayan Unjuul county, which has an Institute of Meteorology and Hydrology of Mongolia 
(IMH) meteorological station. Data from the IMH station indicated that the mean annual air 
temperature and precipitation from 1995 to 2010 were 0.3°C and 155.8 mm, respectively. 
Most of the precipitation occurred between May and August. Two additional sites were 
established in 2009 and 2010: site NB, located approximately 60 km north of site BU 
(47°27’02.1“N, 106°15’09.2“E, 1507 m asl) and site SB, located approximately 30 km south of 
site BU (46°50’01.4“N, 105°51’31.2“E, 1296 m asl). 
The rate of Reco was measured using a closed-chamber technique during the growing 
seasons of 2004, 2005, 2006, 2009, and 2010 at site BU, in 2010 at site NB, and in 2009 and 
2010 at site SB. We set up automated weather and ground observation systems at site BU 
in June 2004, and standard meteorological and soil parameters were continuously 
measured at 30-minute intervals. Meteorological and soil parameters were measured at 
sites NB and SB with a portable weather station and soil temperature and moisture 
sensors for each flux measurement period. Live AGB was measured by clipping green 
parts of the vegetation and oven-drying them at 80°C for 48 hours. The AGB was 
determined at each point where the closed-chamber measurements were made. The 
details and results of these measurements are described by Nakano et al. (2008) and 
Nakano & Shinoda (2010).  
2.2 Respiration model 
An empirical respiration model for which the rates of ecosystem respiration are calculated 
using the soil temperature, soil water content, and AGB, was constructed based on the field 
measurement results (Nakano & Shinoda, 2010). In the model, the rates of Reco were 
calculated using the following equation (van’t Hoff-type model): 
 Reco = R20Q10(Ts-Tref)/10, (1) 
where R20 is the standardized rate of respiration (μmol m−2 s−1) at the reference temperature 
(20°C), Q10 is the factor by which the respiration rate increases for each 10°C increment 
increase in temperature (dimensionless), Ts is the soil temperature (°C) at 5 cm depth, and 
Tref is the reference temperature of 20°C. 
Nakano & Shinoda (2010) revealed that R20 values can be expressed as the linear model of 
AGB (Eq. 2), the residuals of which are calculated from the soil water content (Eq. 3), 
 R20 = a1AGB + a2, (2) 
 Residual + 2.0 = exp(a3W2 + a4W + a5), (3) 
where a1, a2, a3, a4, and a5 are parameters, AGB is the aboveground green biomass (g dry 
weight m–2), and W is the soil volumetric water content at 3 cm depth (m3 m–3). Since the 
right side of Eq. 3 contained only positive values, the residuals were transformed by adding 
2.0. 
The temperature sensitivity of Reco (Q10) was expressed as a linear function of soil water 
content, 
 Q10 = a6W + a7. (4) 
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Parameters for the model are listed in Table 1. The model was validated by comparing the 
observed and modeled values (r2 = 0.754; Fig. 6 in Nakano & Shinoda, 2010). We adopted 
this model only for the growing season from May to September because ecosystem 
respiration during the winter and freeze–thaw cycles in the early spring and late fall might 
be controlled by different factors.  
 
 Parameter Value 
Eq2 a1 0.0289 
 a2 0.558 
Eq3 a3 -142 
 a4 31.9 
 a5 -0.403 
Eq4 a6 3.72 
 a7 1.51 
Table 1. Parameters of the Reco model. Values cited are from Nakano & Shinoda (2010) 
In the present study, CO2 effluxes during the growing season (May–September) from 2007 
to 2010 at site BU were calculated from the observed soil temperature data at a depth of 5 
cm and soil volumetric water content (VWC) at 5 cm depth, which were sampled every 30 
minutes. We confirmed the absence of a significant difference between VWCs at 3 cm depth 
and those at 5 cm depth, and thus the values at 5 cm depth were used in the model.  
Since AGB was not continuously measured at site BU, temporal changes in AGB were 
estimated from a remotely sensed vegetation index. The normalized difference vegetation 
index (NDVI) from the MODIS/Terra satellite was used in this study because NDVI is 
commonly applied to estimate the vegetation productivity of terrestrial ecosystems (Nemani 
et al., 2003; Running et al., 2004). We downloaded the 8-day Land Surface Reflectance 
(MOD09A1) data sets from the Land Processes Distributed Active Archive Center (LP 
DAAC), US Geological Survey (http://lpdaac.usgs.gov) and calculated NDVI values as 
follows: 
 NDVI = (ρnir – ρred)/(ρnir + ρred), (5) 
where ρnir and ρred are the reflectances of near-infrared and red bands, respectively. 
Green parts of the plants were clipped in four to ten 1 × 1-m quadrats at sites BU, NB, and 
SB in 2009 and 2010, and the AGB was determined by oven-drying and weighing the 
clippings. Average AGB values were calculated for each site and each year. Figure 2 shows 
the relationship between the average AGB and NDVI at the same times and locations as the 
field measurements. The AGB values showed a strong positive correlation with NDVI (r2 = 
0.849, P < 0.001). Using this relationship, temporal changes in AGB for every 8-day interval 
at site BU were estimated from the NDVI data, and daily values were interpolated from the 
8-day values. 
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Fig. 2. Relationship between the aboveground biomass (AGB) measured at sites BU, NB, and 
SB and the normalized difference vegetation index (NDVI) obtained from satellite remote 
sensing data. The solid line is the linear regression line 
3. Results and discussion 
3.1 Meteorology and plant biomass  
The monthly variations in air temperature, precipitation, and soil volumetric water content 
(VWC) values during 2007–2010 are shown in Fig. 3, and plant AGB derived from 8-day 
NDVI data is given in Fig. 4. Monthly mean air temperature was >0°C from April to 
October, reaching the maximum in July of every year. Average temperature during the 
growing season (May–September) was 17.8°C in 2007, 15.4°C in 2008, 15.5°C in 2009, and 
16.4°C in 2010 (Table 2). The amount and timing of precipitation differed markedly among 
years; e.g., in 2007, the cumulative precipitation during the growing season was 79.3 mm, 
less than half of that in 2009 (178.1 mm) (Table 2). In June and July 2007, precipitation was 
considerably lower than in the other years, resulting in an extremely low AGB during the 
entire 2007 growth season (Fig. 4). A great deal of rain fell in the early 2008 growing season 
(June), with even more rain in the late 2009 growing season (August). This resulted in high 
VWC values for June 2008 (0.067 m3 m–3) and August 2009 (0.078 m3 m–3). Large amount of 
precipitation and high soil moisture in the early growing season of 2008 stimulated plant 
growth and increased AGB rapidly. As a consequence, the average AGB during the whole 
growing season was highest in 2008 (Table 2), although 2008 was not the wettest year. In 
2010, the cumulative precipitation and average soil water content throughout the growing 
season were relatively low. However, a great deal of rain fell in July of that year, and 
subsequently, the amount of plant biomass rapidly increased in early July. Thus, the average 
AGB for 2010 was similar to that of 2009. 
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Fig. 3. Variation in (a) monthly mean air temperature, (b) monthly precipitation, and (c) 
monthly mean soil volumetric water content (VWC) from 2007 to 2010 at site BU 
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Fig. 4. Time course of live aboveground biomass (AGB) derived from the remotely sensed 
NDVI data 
3.2 Estimation of ecosystem respiration  
The half-hourly rate of Reco was calculated using our empirical respiration model, and the 
daily flux was determined (Fig. 5). Variation in the daily rate of Reco appeared to coincide 
with fluctuations in VWC caused by rain events. Yearly maxima of the daily Reco were 2.7 g 
C m–2 d–1 in 2007, 4.9 g C m–2 d–1 in 2008, 4.7 g C m–2 d–1 in 2009, and 4.3 g C m–2 d–1 in 2010. 
Cumulative rates of ecosystem respiration during the growing season are listed in Table 2. 
The maximum and minimum amounts of ecosystem respiration within the 4 years were 
observed in 2009 and 2007, the wettest and driest years, respectively. Studies on ecosystem 
respiration in grassland ecosystems have indicated that respiratory efflux is generally larger 
in wet years than in dry years (Aires et al., 2008; Meyers, 2001).   
 
 2007 2008 2009 2010 
Air temperature (°C) 17.8 15.4 15.5 16.4 
Precipitaion (mm) 79.3 150.5 178.1 112.1 
AGB (g dw m-2) 14.0 39.9 37.7 37.3 
VWC (m3 m-3) 0.042 0.050 0.056 0.043 
Soil temperature (°C) 21.2 17.9 18.4 19.1 
Reco (g C m-2) 155.4 286.6 295.0 222.8 
Table 2. Average air temperature, cumulative precipitation, average aboveground green 
biomass (AGB), average soil volumetric water content (VWC), average soil temperature at 5 
cm depth (Ts), and cumulative rate of ecosystem respiration (Reco) during the growing 
season (i.e., May–September) from 2007 to 2010 
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Fig. 5. Temporal variation in daily values of the aboveground biomass (AGB), soil volumetric 
water content at 5 cm depth (VWC), soil temperature at 5 cm depth (Ts), and ecosystem 
respiration (Reco) during the growing season (i.e., May–September) from 2007 to 2010 
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Fig. 6. (a-d) Monthly rate of ecosystem respiration (Reco) and virtual Reco calculated from the 
4-year mean values of the aboveground biomass (AGB), soil volumetric water content at 5 
cm depth (VWC), and soil temperature at 5 cm depth (Ts). (e-h) Components of the 
controlling factors of the anomalous Reco values 
To clarify the individual effects of AGB, VWC, and soil temperature (Ts) on the interannual 
variation in ecosystem respiration, we computed the average rate of Reco using the 4-year 
mean values of AGB, VWC, and Ts measured every 30 minutes (Fig. 6a-d), and the 
significance of the anomalous values was assessed. To examine the effect of a single 
parameter, Reco was calculated by setting the remaining parameters as equivalent to the 
mean values. This process allowed us to measure how ecosystem respiration responded to 
variations in AGB, VWC, and Ts. Fig. 6e-h shows the contribution of each parameter (AGB, 
VWC, and Ts) to the anomalous Reco values. In 2007, the soil temperature was higher than in 
other years, and soil water content and plant biomass were lower. While the higher 
temperature increased the rate of ecosystem respiration, depression of Reco by the drier soil 
and less plant biomass were much more significant. A decrease in AGB accounted for the 
greatest proportion of the Reco depression, particularly in August and September. 
Consequently, the total amount of ecosystem respiration in 2007 was considerably lower 
than the average rate. In 2009, the high soil water content in August and September was 
correlated with the large amount of total ecosystem respiration during the growing season. 
Low soil water content decreased the Reco in 2010, whereas plant biomass values were 
slightly higher and compensated for the depression in respiration influenced by the soil 
water content. In general, ecosystem respiration is considered to be a function of 
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temperature. However, the results of this study suggest that variations in soil water content 
and plant biomass are more important determinants of the interannual variation in 
ecosystem respiration in semiarid grasslands. 
Recent field-based studies have indicated the importance of plant photosynthetic 
productivity in the variability of carbon dynamics in grassland ecosystems. Aires et al. 
(2008) carried out the eddy-covariance measurements of CO2 flux over a Mediterranean 
grassland in Portugal during dry and normal years and revealed that variations in 
ecosystem respiration were mainly controlled by canopy photosynthesis. Shimoda et al. 
(2009) suggested that large biomass contributes to the higher respired carbon loss over a 
temperate grassland in Japan. Craine et al. (1999) examined the role of a decreased 
carbohydrate source on soil respiration in an annually-burned grassland through 
manipulations of light intensity and the removal of aboveground biomass. They showed 
that shading and clipping grasses caused 40% and 19% reductions in soil CO2 flux, 
respectively. A model study also demonstrated that a model using only climate drivers as 
predictors of Reco failed to describe part of the temporal variability in the data and that 
dependency on grass primary production needed to be included as an additional driver of 
Reco (Migliavacca et al., 2011). Several studies have conducted rainfall manipulation 
experiments to examine how the magnitude and timing of rainfall affect the ecosystem and 
soil respiration (e.g., Cable et al. 2008; Chou et al. 2008; Liu et al., 2002; Thomey et al., 2011). 
Chou et al. (2008) found that soil respiration was more sensitive to rainy season length than 
to the quantity of rainfall over a Californian annual grassland. Thomey et al. (2011) 
demonstrated that a single large rainfall led to a significant increase in soil respiration and 
the strength of these patterns differed between years in a desert grassland in New Mexico. 
In agreement with these studies, our results indicated that the effect of aboveground 
biomass and soil water content was larger than that of soil temperature on the interannual 
variation in ecosystem respiration and that contribution of plant AGB and soil water content 
to the respiration variability differed from year to year. 
4. Conclusions 
Interannual variations in ecosystem respiration over 4 years, including several 
hydrologically contrastive years, were computed by inputting observed meteorological 
parameters and remotely sensed plant biomass data into the empirical respiration model. 
The total amount of ecosystem respiration was highest in the wettest year (2009) and lowest 
in the driest year (2007). We examined the effects of plant AGB, soil water content, and soil 
temperature on the variation in ecosystem respiration. Ecosystem respiration is generally 
regarded as a function of temperature, whereas the results of this study suggest that the 
variations in soil water content and plant biomass are more important controls for 
interannual ecosystem respiration variation in semiarid grasslands. 
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